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Abstract

Isothermaldatain the
�
V � P� -planearegenerallynot sufficiently preciseto

determinethe bulk modulusand its pressurederivative usingfinite differ-
ences.Insteadthedataarefit to ananalyticexpressionandthederivatives
of theanalyticexpressionareused.Thederivativesobtainedin this fashion
maybesensitive to thefitting form andthedomainof datausedfor thefit.
This point is illustratedby re-analyzingtwo datasetsfor β-HMX. With the
third orderBirch-MurnaghanequationandaHugoniotbasedfitting form we
show that theuncertaintyin themodulusdueto thefitting forms is greater
thanthe statisticaluncertaintyof the fits associatedwith the experimental
errorbars.Moreover, thereis a systematicdifferencebetweenthetwo data
sets.Both fitting formsgive statisticallygoodfits for bothexperiments,al-
thoughthemodulusat ambientpressurerangesfrom 10.6to 17.5GPa. The
large variationin the initial valueof themodulusis duein part to the lack
of datain the low pressureregime (below 1GPa) andto the propertyof a
molecularcrystal, in contrastto a metalor atomiccrystals,to stiffen sub-
stantiallyundera smallamountof compression.Thevaluesof themodulus
andits derivative areanimportantissuefor anexplosive like HMX because
they affectpredictionsof theHugoniotlocusin theregimeof theChapman-
Jougetdetonationpressure.



1 Introduction

Hydrostaticcompressionexperimentsare usedto measurethe equilibrium
pressurealonganisothermasa functionof density. Theisothermalbulk modulus
andits derivativecanthenbecomputed.ThesequantitiesdeterminetheHugoniot
locusfor weakshocksin theform of a linear (shockvelocity)-(particlevelocity)
relation. This techniquecanbe appliedto explosive crystalsfor which the inert
Hugoniotis difficult to measuredueto thereactivenatureof thematerial.

The isothermalbulk modulusis definedby KT ��� V ∂P
∂V

��
T andits derivative

by K �T � dKT
dP ��� 1 � V ∂2P

∂V2

��
T

	
∂P
∂V

��
T . Thermodynamicrelationscanbe usedto

transformbetweenisothermalandisentropicvalues:

KS � KT

1 ��
 βT �� βVKT
CP ��� (1)

K �S � K �T � 
 βT �� βVKT
CP � 2 � 
 βT �� βVKT

CP ��� ∂
∂ logT logKT �  βVKT

CP � ∂
∂ logT log  β2V

CP ���� 1 ��
 βT �  βVKT
CP ��� 2 �

(2)

whereβ is the coefficient of volumetric thermalexpansion,andCP is the spe-
cific heatat constantpressure.We notethat β andCP canbe measureddirectly.
Furthermore,

βVKT

CP
� CV

CP
Γ � Γ � O 
 1� �whereΓ is the Grüneisencoefficient, andat ambientconditionsβT � 1. Con-

sequently, if asexpectedthe temperaturederivatives in equation(2) are on the
orderof 1 or lessthentheireffect is small.Hence,wecanneglectthetemperature
derivativesandobtain

K �S � K �T � 
 βT �� βVKT
CP � 2

� 1 ��
 βT �� βVKT
CP ��� 2 � (2’)

For theprincipalHugoniotlocus,theinterceptandslopeof theus-up relation
aregivenby

c ��� KS� ρ � (3)

s ��
 K �S � 1� � 4 � (4)
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whereKS andK �S areevaluatedat theinitial state.Theserelationsallow theHugo-
niot to be determinedfrom isothermaldataover a limited domainof pressure,
typically up to a shockpressureon the orderof KS. In general,the Grüneisen
coefficient andspecificheatareneededto extenda singleisothermPT 
 V � to an
equationof stateP 
 V � e� neededto computetheHugoniotlocus.

Theisothermaldataareusuallynot sufficiently preciseto beableto calculate
derivativesby simplefinite differences.Insteadananalyticform for theisotherm
PT 
 V � is assumed.After fitting parametersto matchthedata,derivativescanbe
obtainedanalytically. In effect, the fitting form is usedto smooththe data. An
importantquestionis the sensitivity of KT andK �T to the fitting form andto the
domainof datausedfor thefit.

The choiceof fitting form canhave a large effect on the resultsof the data
analysis.Thispoint is illustratedby re-analyzingtwo datasetsfor β-HMX (mon-
oclinic crystalof cyclo-tetramethylene-tetranitramine)with thethird orderBirch-
MurnaghanequationandaHugoniotbasedfitting form. In thisexample,weshow
thattheuncertaintyin themodulusdueto thefitting formsis greaterthanthesta-
tistical uncertaintyof thefits associatedwith theexperimentalerrorbars.In spite
of statisticallygoodfits with bothfitting formsfor bothexperiments,themodulus
at ambientpressurerangesfrom 10.6to 17.5GPaandthederivativeof themodu-
lusfrom 5.6to 18.1.Thoughthereis asystematicdifferencebetweenthetwo data
sets,this accountsfor only partof thespread.

The large variationsin the initial valueof the modulusandits derivative are
alsoduein part to the propertyof a molecularcrystal, in contrastto a metalor
atomiccrystals,to stiffen substantiallyundera smallamountof compression,to-
getherwith thelackof datain thelow pressureregime(below 1GPa). Thismeans
that the initial valuesof themodulusandits derivative shouldbeusedwith care.
For example,linearizing the equationof stateaboutthe ambientstatemay not
give a goodapproximationfor the shockHugoniotat pressureswell below the
bulk modulus. This is an importantissuefor an explosive like HMX becauseit
affectspredictionsof the Hugoniot locus in the regime of the Chapman-Jouget
(CJ)detonationpressure.

2 HMX data

Dataon anisothermof β-HMX werefirst reportedby Olinger, Roof & Cady
[1] in 1978. More recentlythe measurementswere extendedfrom 7.5GPa to
42GPa by Yoo & Cynn [2]. Thoughnot specifiedwe assumethat both experi-
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mentswereperformedat roomtemperature.Thetwo experimentsusedthesame
generaltechniquebut weredifferentin detail.

Olinger, Roof & Cadyuseda Bridgmananvil to compressa sample0.2mm
thick and0.3mm in diameter. Thesampleconsistedof smallHMX crystalsand
NaF powder suspendedin a methanol-ethanolmixture. The HMX densitywas
determinedby measuringthelatticeparameterswith X-ray diffraction.Thepres-
surewasdeducedfrom thecompressionof NaFdeterminedby X-ray diffraction.
Yoo & Cynn useda diamondanvil to compressa sample0.12mm in diameter.
Micron-sizedHMX crystalsweresuspendedin argon. Again, theHMX density
wasdeterminedvia X-ray diffraction. The pressurewasdeterminedvia a ruby
fluorescencetechnique.Thedatafrom bothexperimentswereusedto determine
KT andK �T . However, adifferentfitting form wasusedin theanalysisof eachdata
set.

Olinger, Roof& Cady[1] usedtheHugoniotrelations,

V
V0
� 1 � up

us �P � P0 � ρ0upus �
to transformeach 
 V � P� -datapoint to apseudo-particlevelocityup andapseudo-
shockvelocityus. Thepseudovelocitiescanbeexpressedas

up �! "
 P � P0 � 
 V0 � V �$# 1% 2 � (5)

us � V0 & P � P0

V0 � V ' 1% 2 � (6)

In the 
 up � us� –planetheir dataarewell fit by astraightline, us � cT � sTup. This
resultsin thefitting form

P 
 V � � V0 � V V0 � sT 
 V0 � V �$# 2c2
T � (7)

Fromthefit they obtainedKT0 � 13� 5GPaandK �T0 � 9 � 3.
We notethat for theHugoniotlocusof a solid, up to a pressureon theorder

of thebulk moduluscompressionaleffectsdominatethermaleffects.Thus,within
theexperimentaldomainof pressureit is notsurprisingthatafitting form usedfor
Hugoniotloci is a reasonableapproximationto anisotherm.
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A) 
 V � P� -plane. B) 
 Up � Us� -plane.

Figure 1: HMX isothermdata. Diamondsand circles are data from Olinger, Roof
&Cady [1] andYoo& Cynn [2], respectively.

Yoo & Cynn [2] fit their datato a third-orderBirch-Murnaghanequationof
state(see,e.g., [3, p. 64])

P 
 V � � 3
2KT0 � η ( 7% 3 � η ( 5% 3 �)� 1 � 3

4 
 K �T0 � 4� 
 η ( 2% 3 � 1� � � (8)

whereη � V � V0. Their “best-fit” valuesareKT0 � 12� 4GPa andK �T0 � 10� 4 for
thedatabelow apressureof 27GPa.

The reportedresultsfor the two experimentsdiffer by 8.5% for the moduli
and11% for the derivative of the moduli. Both datasetsareshown in Figure1
in both the 
 V � P� -planeandthepseudo-velocity plane(Yoo & Cynn databelow
27GPa). Olinger, Roof & Cady listed the uncertaintyin their datapoints. It
is approximately2% in pressureandvariesfrom 0.1% to 1.5% in V � V0 as the
compressionratio increases.Yoo & Cynn did not list the uncertaintyexplicitly
but error barswere shown in the plots of [2, fig. 5]. From this we infer that
their uncertaintyin the pressureis about0 � 1GPa + 2% andtheir uncertaintyin
V � V0 is about0.5%. It is naturalto askto whatextent thedifferencein thebulk
modulusinferredfrom thetwo datasetscanbeattributedto thedifferentmethods
of analysis(i.e., assumedfitting forms),to theuncertaintyin thedatapointsor to
differencesin the experiment(i.e., crystalsize,experimentalgeometry, pressure
medium,andmeansof determiningpressure).

This led usto reanalyzebothdatasetsusingbothfitting forms. In theprocess
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we found thata leastsquarefit to the datareportedby Yoo & Cynn,usingtheir
fitting form, leadsto avalueof KT0 � 14� 7GPawhichis 16%largerthanwhatYoo
& Cynnquotedastheir “best-fit”. However, thisdoesnotexplain thediscrepancy
betweenthevalueof KT0 obtainedfromthetwo experiments.Nor is thedifference
within theuncertaintyof themeasurements.

3 Re-analysis of Data

Thehydrostaticdataof Yoo & Cynn [2] extendup to 42GPa. In additionto
measuringthepressurethey measuredtheRamanspectra.Thereis evidencein the
spectrumfor phasetransitionsat12GPaand27GPa. At 12GPathereis negligible
volumechangeandthey suggestthe transitionis martensitic.Sincea crystalof
β-HMX is anisotropic,hydrostaticcompressiongivesriseto a shearstrainwhich
caninducea martensitictransition.At 27GPa thereis a 4% volumechange.It is
naturalto limit thedomainof thefits basedonthesetransitions.Consequently, we
havedonetwo fits for Yoo& Cynn’sdata.Thedomainof thedatausedfor fitting
doesaffect thevaluesof theresultantparameters.

We notethat both fitting forms have 2 parameters,andby constructionboth
go throughthe initial stateV � V0 � 1 andP � 0. Thevelocity parameterscT and
sT in the 
 up � us� -planeandtheBirch-MurnaghanparametersKT0 andKT0 * K �T0
in the 
 V � P� -planeenterthe fitting function aslinear parameters.We determine
theseparametersfrom a leastsquaresfit with weightsspecifiedby theuncertainty
in thedatapoints.

For the fit in the 
 V � P� -plane,we treatedV asthe independentvariableand
addedthe uncertaintyin the measuredvalue of V to the measureduncertainty
in P: 
 δP� � 2 �+
 δP� 2 �  dP

dV δV � 2 �
Thisresultsin anon-linearminimizationproblemfor thefitting parameters.How-
ever, it canbesolvedby iteratingon thelinearproblem.Only a few iterationsare
neededto obtainconsistency betweenδP� anddP� dV.

For the fit in the 
 up � us� -planewe computethe uncertaintiesfrom eqs.(5)
and(6) assumingthatδV andδP areuncorrelated;

 δup

up � 2 �  δus

us � 2 � 1
2  δP

P � 2 � 1
2  δV

V0 � V � 2 �
With up astheindependentvariabletheuncertaintyin up is addedto thatof us in a
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fitting form KT0 K �T0 χ2
ν c s

(GPa) — — (km/s) —

Olinger, Roof & Cadydataset
pseudo-velocity 13.4 9.4 0.23 2.65 2.59

σ , 0.3 , 0.7 , 0 � 08 , 0 � 17
Birch-Murnaghan 10.6 18.1 0.35 2.36 4.78

σ , 1.7 , 3.4 , 0 � 19 , 0 � 86

Yoo & Cynndataset,P � 12GPa
pseudo-velocity 17.2 5.7 0.84 3.01 1.68

σ , 0.5 , 0.7 , 0 � 14 , 0 � 18
Birch-Murnaghan 16.0 7.3 0.70 2.90 2.07

σ , 2.5 , 1.4 , 0 � 22 , 0 � 36

Yoo & Cynndataset,P � 27GPa
pseudo-velocity 17.5 5.6 0.64 3.04 1.65

σ , 0.3 , 0.2 , 0 � 07 , 0 � 05
Birch-Murnaghan 14.7 8.6 0.49 2.78 2.40

σ , 1.3 , 0.8 , 0 � 13 , 0 � 21

Table1: Resultsof fitting formson thetwo datasets.

similarmannerasdescribedabovefor V andP. Again thefitting parameterswere
obtainedby iteratingthelinearproblem.

Theleast-squaresfit to thedataof Olinger, Roof& Cadyis shown in Figure2,
andthe least-squaresfit to the dataof Yoo & Cynn is shown in Figure3. The
valuesof thefitting parametersalongwith theirstandarddeviationsσ arelistedin
table1. In addition,thevalueof thereducechi-squared

χ2
ν � 1

N ( 2 ∑
i - Pi � P 
 Vi �

δP� . 2

(9)

is given for eachcase. In all cases,χ2
ν � 1. Hence,the isothermaldatacanbe

fit equallywell with boththeBirch-MurnaghanandtheHugoniotfunctionalform
of P 
 V � .
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A) 
 V � P� -plane. B) 
 Up � Us� -plane.

Figure2: Fits to HMX dataof Olinger, Roof & Cady[1]. Redsymbolsaredatapoints.
Greenline is basedon Hugoniotfitting form andblue line is basedon Birch-Murnaghan
fitting form.

A) 
 V � P� -plane. B) 
 Up � Us� -plane.

Figure3: Fits to HMX dataof Yoo& Cynn[2] (restrictedto P / 27GPa). Redsymbols
aredatapoints. Greenline is basedon Hugoniotfitting form andblue line is basedon
Birch-Murnaghanfitting form.
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For the domainof the data,K � K0 � PK � . In this approximation,the slope
dP
dV � K0

V 0 V0
V 1 K 20 and increasesrapidly with increasingcompressionsinceK �o is

large.At high pressurestheslopeis largeandthedominantcontribution to δP� is
from theuncertaintyin V. This hasa largeeffect on thevalueof χ2

ν andtheun-
certaintyin thefitting parameters.As anexampleof themagnitudeof theeffect,
for theBirch-Murnaghanfit to theYoo & Cynndataup to 27GPa,settingδV � 0
would increaseχ2

ν from 0.49 to 1.66. In addition,theuncertaintiesin the fitting
parameters,σK andσK 2 , would decreaseby abouta factorof 2. Consequently, at
highpressuresit is importantto measureV asaccuratelyaspossible.

A few observationsaboutthefits,basedontable1,areinstructive.For boththe
dataof Olinger, Roof& Cadyandthedataof Yoo& Cynnin thepressuredomain
P � 27GPa,thedifferencesin KT0 andK �T0 betweenthetwofitting formsisgreater
thanthesumof thestatisticaluncertaintiesin eachfit dueto theuncertaintyin the
datapoints.This is dueto thecurvatureof us 
 up � for theBirch-Murnaghanfitting
form whenup is small. We discussthecurvatureeffect in moredetail in thenext
section.Theimplicationis that theassumedfitting form canbea dominanterror
in determiningthemodulusandits derivativeatambientconditions(1 atm).

Furthermore,for eitherfitting form, the differencein valuesof KT0 andK �T0
determinedfrom thetwo datasetsis greaterthanthestatisticaluncertaintyin the
fits. This is seengraphicallyin contourplotsof χ2

ν shown in figure4 for thetwo
fits to the two datasets.The largestcontouris slightly largerbut comparableto
the statisticaluncertaintiesin the parametersof the fit. The fact that the “error
ellipses”don’t overlapimpliesthereis asystematicdifferencebetweentheexper-
iments.

Yoo & Cynn[2] suggestthat their pressuremedium(argon)resultsin a more
hydrostaticcompressionthan the pressuremedium(ethanol-methanol)usedby
Olinger, Roof& Cady[1]. Moreover, anon-hydrostaticcompressionwouldresult
in a largervolumefor agivenpressure[4] which is consistentwith thedifference
betweenthedatasets.However, it is notclearwhichmediumis morehydrostatic.
At roomtemperatureargonsolidifiesat1.3GPa[5] whereastheethanol-methanol
mixture remainsa liquid, albeit highly viscous,up to 10GPa [6]. The fact that
argon solidifies is mitigatedby other properties. Argon is much softer (lower
bulk modulus)andreadily recrystallizeswhich tendsto relieve the shearstress
[7]. To somedegree,bothexperimentsaresubjectto a systematicerrorresulting
from their pressuremediumsnot being perfectly hydrostaticat high pressures.
Developingexperimentaltechniquesandmethodsof analysisto compensatefor
shearstressis anareaof active research,seefor example[4].
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A) Birch-Murnaghanfitting form. B) Hugoniotfitting form.

Figure4: Contourplot of χ2
ν for fits to theHMX dataof Olinger, Roof & Cady[1] and

Yoo & Cynn [2] (restrictedto P / 27GPa). Tencontourfor eachfit areequallyspaced
betweentheminimumvalueandtwice theminimumof χ2

ν.

Systematicdifferencesbetweenthetwo experimentsmayalsoresultfrom the
differentmethodsfor inferringthepressureanddifferencesin experimentaldesign
suchastheuseof anaxialversusradialx-raybeamto obtainthediffractionpattern
from which the lattice parametersandhencethe crystaldensityareinferred. In
addition,during compressionthereis the possibility of a stick-slip effect giving
rise to localizedshearheatingat the anvil surfacesor betweengrains,andthus
causingasmallamountof HMX to decompose.Until thediscrepancy betweenthe
experimentsis resolvedfully thebestonecansayis thatKT0 � 14 , 3 � 5GPa and
K �T0 � 7 � 5 , 1 � 9. Thesearelargeuncertainties( , 25%)in importantparameters.

Thepossibilityof amartensiticphasetransitionat12GPa[2] suggestsrestrict-
ing thedomainof datausedfor thefit. Whenthepressuredomainof Yoo& Cynn’s
datais restrictedfrom 27to 12GPa,theparametersc andsof thepseudo-velocity
fit changeby only 1%. In contrastthe parametersKT0 and K �T0 of the Birch-
Murnaghanfit changeby 8%and16%,respectively. Thesechangesarewithin the
errorestimate.Consideringthat thereis no volumechangein the transition,the
possiblekink in theslopeof P 
 V � at thephasetransitionis undoubtablylost in the
scatterof the data. It is interestingto notethat the parametersfor the Hugoniot
fitting form arelesssensitiveto thedomainusedfor thefit thantheparametersof
theBirch-Murnaghanfit. This is dueto thefactthattherearenodatapointsin the
low pressureregion in which thecurvatureof us 
 up � is greatest.
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4 Discussion

A notablepropertyof theBirch-Murnaghanfitting form is thecurvaturein the
pseudo-velocityplane.Asnotedpreviously, for stiff materialssuchassolids,weak
shocksaredominatedby compressionaleffectsandfor low pressurestheisotherm
andtheHugoniotlocusareexpectedto haveasimilarbehavior. In contrastto met-
als,it is commonfor theHugoniotloci of liquids [8], poroussolidsandpolymers
[9] to display significantcurvaturein the 
 up � us� -planefor weak shocks. The
curvatureeffect alsohasbeenobservedfor theexplosivePETN(PentaErythritol-
TetraNitrate)[10] which is a largeorganicmolecularcrystal.

We think the mechanismin liquids andlarge molecularcrystalsis similar to
whatOlinger, Halleck& Cady[10] describedfor PETN.At low pressures,regions
of relatively low intermolecularelectrondensityareclosed.This is analogousto
squeezingout voids in poroussolids and “free volume” in polymers. Further
compressionthenrequiresdistortionof intra-moleculardegreesof freedomchar-
acterizedby covalentbondingand/oraccessingstatessuccessively higheron the
intermolecularrepulsive core. This leadsto a large increasein themodulusover
arelatively smallpressuredomain.Therapidincreasein themodulusis thecause
of the curvatureof the Hugoniotloci in the velocity plane. It would not be sur-
prising for HMX (C4H8N8O8), which like PETN (C5H8N4) is a large organic
molecularcrystal,to displaya similar curvatureeffect. In fact,PastineandBer-
necker [11] have analyzedTATB (TriAmino-Trinitro-Benzene,C6H6N6O6) and
havesuggestedthatthehydrostaticequationof stateof mostsecondaryexplosives
wouldhaveasimilar characteristic.

The strongestcurvatureeffect usuallyoccursat pressuresbelow a few kilo-
bars. Thereis only oneisothermaldatapoint for HMX below 1.5GPa. Conse-
quently, to justify the useof the Birch-Murnaghanfitting form over the simpler
Hugoniotfitting form wouldrequireadditionallow pressuredata.Experimentally
it is difficult to measurethe densityat low pressurewith the precisionneces-
saryto determineaccuratelythemoduli. An alternative is to determinethe bulk
moduli from soundspeedmeasurements.Becauseof anisotropy of the crystal
(β-HMX is monoclinic),it is necessaryto determinethe full elastictensor. The
isentropicmoduluscorrespondsto the Reussaveragebulk modulus,andeq. (1)
thendeterminesthe isothermalmoduluswhich canbe comparedwith the fits to
thehydrostaticdata.Recently, Zaug[12] haspartially determinedtheelasticten-
sorof HMX from soundspeedmeasurementsusingtheimpulsivestimulatedlight
scatteringtechnique[13]. Pinningdown KT0 in thiswaywouldgreatlyreducethe
uncertaintyin thefitting parameters.
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A) Hugoniotfits. B) Birch-Murnaghanfits

Figure5: HMX datain
�
up � us � -plane.Reddiamondsandbluecirclesareisothermaldata

of Olinger, Roof & Cady[1] andYoo & Cynn[2], respectively. Black circlesareHugo-
niot datafor solvent pressedHMX (0.5% porosity) [14, p. 596], and black diamonds
areCraig’s Hugoniotdatafor singlecrystalHMX (unspecifiedorientation)[15] and[14,
p. 595] aroundtheCJ-detonationpressure,34–42GPa. Greenline indicatesphasetran-
sition at 27GPa in the isothermaldata[2]. In addition: Dashedred andblue lines are
linearfits to isothermaldata.Black line is Bernecker’s [17] proposedpiecewise linearfit
to Hugoniotdata. Solid redandblue linesareBirch-Murnaghanfits to Olinger, Roof &
CadydataandYoo-Cynndatabelow phasetransitionat27 GPa,respectively.

Theuncertaintyin KT0 andK �T0 hasimportantimplicationsfor theHMX shock
Hugoniot. Hydro simulationsfrequentlyusea Mie-Grüneisenequationof state
for solids with a referencecurve basedon the principal Hugoniot and a linear
us-up relationfor the Hugoniot locus,eq. (7). Both the isothermaldataandthe
Hugoniotdatafor HMX areshown in figure 5. Extrapolatingto CJ-detonation
pressure,us � 9mm� µs, thereis a large differencebetweenthe linear fits based
on the dataof Olinger, Roof & Cady and the dataof Yoo & Cynn. Thus, the
systematicdifferencebetweenthetwo datasetshasimportantconsequences.

Wenotethatthereis alsoHugoniotdatafor PBX-9501[18], which is 95wt%
HMX. In the 
 up � us� -plane,the fit to the PBX-9501Hugoniotdatais closerto
the fit to the dataof Olinger, Roof & Cady than to the dataof Yoo & Cynn.
Moreover, recentmeasurementsof thevonNeumannspikeof adetonationwavein
PBX-9501arecompatiblewith extrapolatingthelow pressureHugoniotdata[19].
However, previousmeasurmentsin theHMX basedPBX-9404of Craig(reported
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in [20, Table1.4,p. 23]) obtainedavonNeumannspikepressurecompatiblewith
thedataof Yoo & Cynn.Finally, we notethattherearethreehigh pressuresingle
crystalHugoniotdatapoints[15] and[14, p. 595]. Surprisingly, thesedatapoints
imply thatthesinglecrystalis softerthanthePBX.

Prior to Yoo & Cynn’s recentexperiment,Dick [16] andBernecker [17] sug-
gesteda high pressureshockinducedphasetransitionin HMX basedon thefact
thatthehighpressureHugoniotdatalay considerablybelow thestraightline fit to
thedataof Olinger, Roof & Cady. This leadBernecker [17] to proposeapproxi-
matingtheHugoniotlocuswith apiecewiselinearfit. TheBirch-Murnaghanfit to
Yoo& Cynn’sdatabelow thephasetransitionat27GPis effectively asmoothver-
sionof Bernecker’s fit. It interpolatesbetweenthe low pressuredataof Olinger,
Roof& Cady(exceptfor their3 highestpressuredatapoints)andthehigherpres-
suredataof Yoo & Cynn. Consequently, on thebasisof thefit to Yoo & Cynn’s
data,ashockinducedphasetransitionwouldnot appearto bewarranted.

Needlessto sayanaccurateequationof statefor HMX is anecessaryingredi-
entfor simulationsusedto determineinitiation sensitivity. Understandingexperi-
mentalerrorsanddetermininganequationof stateconsistentwith all thedataare
importantissuesthatrequiremoreattention.

Acknowledgement

Theauthorswishto thankDrs. David SchiferlandBartOlingeratLANL, and
Dr. Choong-ShikYoo at LLNL for explaining techniquesand issuesrelatedto
highpressurehydrostaticexperiments.

References

[1] B. Olinger, B. Roof,andH. Cady. Thelinearandvolumecompressionof β-
HMX andRDX. In Proc.Symposium(Intern.)onHigh DynamicPressures,
pages3–8.C.E.A.,Paris,France,1978.

[2] C.-S.Yoo andH. Cynn. Equationof state,phasetransition,decomposition
of β-HMX. J. Chem.Phys., 111:10229–10235,1999.

[3] Jean-Paul Poirier. Introductionto thePhysicsof theEarth’s Interior. Cam-
bridgeUniv. Press,Cambridge,UK, 1991.

13



[4] A. K. SinghandC. BalasinghandH.-K. Mao andR. J.Hemley andJ.Shu.
Analysisof lattice strainsmeasuredundernonhydrostaticpressure. J. Appl.
Phys., 83:7567–7575,1998.

[5] F. Datchi,P. Loubeyre andR. LeToullec. Extendedandaccuratedetermi-
nationof themeltingcurvesof argon,helium,ice andhydrogen. Phys.Rev.
B, 61:6535–6546,2000.

[6] G.J.Piermarini,S.Block andJ.D. Barnett.Hydrostaticlimits in liquidsand
solidsto 100kbar. J. Appl.Phys., 44:5377–5382,1973.

[7] L. W. FingerandR. M. HazenandG. Zou andH. K. Mao andP. M. Bell.
Structure and compressionof crystallineargon and neonat high pressure
androomtemperature. Appl.Phys.Lett., 39:892–894,1981.

[8] R. W. Woolfolk, M. Cowperthwaite,andR. Shaw. A “universal” Hugoniot
for liquids. ThermochimicaActa, 5:409–414,1973.

[9] R. Menikoff and E. Kober. Equation of state and Hugoniot locus for
porousmaterials:P–α modelrevisited.In Shock Compressionof Condensed
Matter–1999, eds.M. D. Furnish,L. C. Chhabildas,andR. S. Hixson,AIP,
pages129–132,2000.

[10] B. Olinger, P. M. Halleck,andH. H. Cady. Theisothermallinear andvolume
compressionof PETNto 10 GPa and thecalculatedshock compression. J.
Chem.Phys., 62:4480–4483,1975.

[11] D. J. Pastineand R. R. Bernecker. P� V � E � T equationof statefor 1,3,5-
triamino-2,4,6-trinitrobenzene. J. Appl.Phys., 45:4458–4468,1974.

[12] J. M. Zaug. Elastic constantsof β-HMX and tantalum,equationof state
of supercriticalfluids and fluid mixturesand thermal transportdetermin-
ations. In Proceedingsof theEleventhDetonationSymposium, pages498–
509,1998.

[13] J.A. RogersandM. FuchsandM. J.BanetandJ.B. HanselmanandR. Lo-
ganandK. A. Nelson. Optical systemfor rapid materialscharacterization
with transientgratingtechnique:Applicationto nondestructiveevaluationof
thin films usedin microelectronics.Appl.Phys.Lett., 71:225–227,1997.

14



[14] S.Marsh,editor. LASLShock HugoniotData. Univ. Calif. press,1980. On
line, http://lib-www.lanl.gov/books/shd.pdf.

[15] B. G. Craig. Datafrom shockinitiation experiments.TechnicalreportM-3-
QR-74-1,LosAlamosScientificLab., 1974.

[16] J.J.Dick. A comparisonof theshockandstaticcompressioncurvesfor four
solidexplosives.Journalof EnergeticMaterials, 1:275–286,1983.

[17] R. R. Bernecker. Observationson theHugoniotfor HMX. In Shock Com-
pressionof CondensedMatter–1995, eds.S.C.Schmidt,andW. C.Tao,AIP,
pages141–144,1995.

[18] J.J.Dick, A. R. Martinez,andR. S.Hixson.Planeimpactresponseof PBX-
9501andits componentsbelow2GPa. TechnicalreportLA-13426-MS,Los
AlamosNationalLab., 1998.

[19] R. L. Gustavsen,S. A. Sheffield, andR. R. Alcon. Progressin measuring
detonationwaveprofilesin PBX-9501.In Proceedingsof theEleventhDet-
onationSymposium, pages821–827,1998.

[20] C. L. Mader NumericalModelingof Explosivesand Propellants, second
edition. CRCPress,BocaRaton,Fl., 1998.

15


